In the present work, a novel attempt has been proposed to simulate air permeability in tire inner liner based on bromobutyl (BIIR)/epichlorohydrin (CO) rubber blend nanocomposite. ANSYS ® software has been adopted for FEM analysis. It provides an essential insight into the prediction of air permeability using thermal/gas analogy. The simulated results are compared and successfully validated with the field tire results. It is found that the hybrid nanocomposite offers a substantial reduction in air permeability as compared to the standard inner liner compound. It signifies the impact of the nanostructures on enhancing the gas barrier of the tire inner liner with time. The prediction gives a possibility to improve proactively the quality of inner liner compound developed.
Introduction
 Real-time investigation of air permeability of the tire inner liner is a tedious process. However, the prediction of air permeability of tire inner liner with time is necessary as it affects the durability and performance of the tire. A successful attempt has been made to simulate and predict the air permeability of rubber nanocomposite for tire inner liner materials. Among various material modeling and simulation methods, FEM is preferred as it can provide accurate estimates for a broad range of assumptions. FEM is a general numerical method for obtaining approximate solutions to boundary-value based problems including time-dependent processes. FEM employs preprocessed mesh generation by configuring nodal points, which enables the model to capture fully and analyze the spatial discretization of highly inhomogeneous materials. FEM also considers solving complex, nonlinear elastic problems for analysis. It has been widely used in mechanical, chemical, and elastomeric systems. FEM can be used for numerical computation of bulk properties based on the geometry, properties, and volume fraction of constituent phases [1, 2] . FEM-based micromechanics have been used extensively for the prediction of mechanical properties of polymer nanocomposites [3] . Elastic properties of the nanocomposites filled with carbon nanotubes (CNTs) have been computed effectively. It has been done by equating asymptotic expansion homogenization method available with control volume FEM [4] . Albeit, various software packages and open source codes incorporates FEM (e.g., ABAQUS, ANSYS, Palmyra and OOF) to evaluate the mechanical properties of polymer composites [5, 6] , ANSYS ® has been employed for FEM. It is due to the simplicity in approach and easy preprocessing for problem definition. Few attempts have recently been made to solve problems on polymer-based nanocomposites by applying FEM [7, 8] . Tribological behavior of ENR based nanocomposites were analyzed using FEM [9] . Further, a novel modeling of diffusion in polymer-clay nanocomposites by 
Experimental

Materials
Bromobutyl rubber (BIIR-2255) was purchased from 
Preparation of Rubber Blends Nanocomposites
BIIR and CO rubbers were melt blended in a Compounding formulations are tabulated in Table 1 . 
Characterization
The samples for HRTEM analysis were carefully made by ultra cryo-microtome using a Leica ultracut. Since the samples are elastomeric in nature, ultramicrotome was performed below the glass transition temperature of the blended rubbers (-75 ± 5 °C) using sharpened glass knives with cutting edge of 45°. Dispersion of nanoclay in the nanocomposites was extensively analyzed by using HRTEM. The cryotomed sections were supported on a copper grid for capturing photomicrographs. The microscopy was performed using JEM-2100, JEOL, Japan.
The FEM simulation of tire inner liner material is performed using ANSYS ® software. The decrease in the density of the air with time is measured.
Results and Discussion
Assessment of Nanostructural Morphology
Dispersion of nanoclay in the B 90 H 10 CB 50 NC 5 nanocomposite is analyzed using the HRTEM photomicrographs as shown in Fig. 1 . From the figure, it is clear that the nanoclay is well dispersed along the entire matrix. The formation of hybrid nanostructures (NC-CB) exhibits a synergistic interaction between the rubber and filler. It results in the formation of "nanounit", "halo" and "nano-channels" corroborating the overall improvement in filler connectivity [11] [12] [13] [14] [15] . The bending of the nanoclay around the carbon black particle (yellow dotted circle in Fig. 1 ) signifies the development of "nanounit". Just like nanoclay platelets curve around the contours of the carbon black aggregates, the carbon black particles engulf the nanoclay stacks in the nanocomposite. The red circle in the Fig. 1 represents " halo" or haloing effect, in which carbon black particles were surround the nanoclay. It is observed that a synergism is achieved between carbon black and nanoclay due to the formation of such unique "halo" structures. The formations of these nanostructures are frequent in the presence of well dispersed hybrid filler system [16, 17] .
Finite Element Modeling
A 2D Cross section of the PCR tire (Tire size: 145/80 R12 tubeless tire) was modeled using the commercial software package ANSYS ® . The model was meshed with 4-node quadrilateral elements. Based on the mesh convergence study, the element size of ~1 mm was used in the present analysis. A thermal analogy 
Prediction of Air Permeability in Hybrid Nanocomposite
has been adopted to solve the permeability problem for simulation [18] . The rim surface was assumed to have zero thermal diffusion, representing an impermeable layer. For the sake of simplicity, the air permeability of the inner liner of the tire has alone been considered exclusively for simulation. The air permeability of tire inner liner of the tire has been considered typically for simulation. The permeability of air in tire liner based on rubber nanocomposites were typically investigated with time (Fig. 2) . The results were compared with the standard compound.
The decrease in the density of entrapped air was monitored during the entire transient analysis.
Preprocessing
4.3.1 Thermal/Permeability Analogy The gas permeation process in a medium is governed by the equation:
where, C is the gas concentration, P M is the gas permeability of a medium and t designates time. This equation is in analogous to the heat diffusion (transient heat transfer) equation given by:
where, T is the temperature and α is the thermal diffusivity of the system. The thermal diffusivity is written in terms of thermal conductivity k, specific heat c, and density ρ as follows:
Assuming that the concentration of the moisture is continuous along the tire inner liner material, a finite element formulation for heat diffusion can be used for gas diffusion problem. A thermal analogy for permeability is represented in Table 2 . The primary variable of the air corresponds to the normalized concentration of air or initial density of the air within the tire. It is calculated by deriving the ideal gas law equation as follows:
PV nRT 
where, P is the pressure of the gas, V is the volume of the gas, n is the number of moles, R is the universal gas constant, and T is the temperature of the gas. If C is the concentration of the gas, then the above equation can be written as:
The atmospheric pressure of the gas is given as:
The pressure of the air in the tire inner liner (TIL) is given as:
Eq. (6) can be re-arranged as: 
Prediction of Air Permeability in Hybrid Nanocomposite Based on Bromobutyl/Epichlorohydrin Rubber Blends as Tire Inner Liner Using Finite Element Method
Eq. (7) can be re-arranged as:
Assuming T atm =T TIL initially, following equation is arrived: Fig. 3 . The specified tire inner liner dimension was tabulated in Table 3 .
Model Generation
Based on the thermal analogy and specified dimensions for the modeling, element type and materials properties has been defined. As the permeability is related with thermal conductivity, thermal solid has been selected for the element type and permeability value is assigned to the thermal conductivity. Other thermal properties were shown in Table 2 . The meshing area for simulation corresponds to the cross-sectional dimension of the tire inner liner (Table 3) and it is depicted in Fig. 4. 
Solution
The permeability problem is solved using transient analysis. The initial conditions to define load is based on the TEMP function. The initial value of DOF for TEMP is given as 0. In the present study, the concentration of air is defined as temperature as the primary variable in thermal analogy. The temperature (normalized gas concentration) boundary condition of the subjected area is applied as 1 for the load TEMP value (black bold line in Fig. 2) . The solution was controlled by time based substeps. It constitutes a total of 500 substeps for 5 days with a division of 100 substeps a day.
Postprocessing
Simulation
The FE model of the tire inner liner and the enclosed air were depicted clearly in Fig. 5 . The thermal contour that relates the density of air in the tire with time is illustrated in Fig. 6 . The respective plots for five days run of the samples were shown in Fig. 7 . It is observed that the decrement of tire air density is more in BIIR compound to BIIR-CO nanocomposite. The effect is more with the increase in time/days.
It is noticed that the reduction in loss in tire air density (%) or effective improvement in impermeability of BIIR-CO nanocomposite is up to 17% compared to the standard BIIR compound (Fig. 8) .
Field Tire Analysis
To further assess the simulation results, the pressure 
Conclusions
A successful attempt has been made to simulate, compare, and validate the air permeability in tire inner liner based on BIIR compound and BIIR-CO nanocomposite. ANSYS ® software has been adopted effectively for FEM analysis. A novel prediction of time-based gas permeation by employing thermal analogy has been achieved. The density of the air in the tire with time (5 days) has been measured as output. Albeit, the permeability of the tire inner liner is only considered in the whole study; the simulation results are validated with field tire experimental results and established. Based on the simulation and experimental results, it is noted that the nanocomposite based on BIIR-CO rubber blend offers a significant improvement in air impermeability (up to 17%) as compared to BIIR compound. The findings lead to a unique methodology in predicting the air permeability in the tire which is pivotal in improving the tire durability. The prediction gives a possibility to improve proactively the quality of inner liner compound developed.
